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The aim of this thesis is to understand the procedure of steady-state current of 
redox species by use of different sized electrode. The steady-state currents can be 
achieved by polar coordinated diffusion.  
There are six chapters in this thesis. Chapter 1 is devoted to introduction of the 
microelectrode and steady-state current. Chapter 2 is related with chemicals and 
equipments of experiments. Chapter 3 discusses memory effect of diffusion-controlled 
current at the nano-size electrodes. Chapter 4 deals with the relation between area of the 
deformed electrodes and steady-state current. Chapter 5 interprets the steady-state 
current formed at the milli-size electrode under low scanrate in a solution of sparing 
soluble redox species. At last, conclusion is given in chapter 6. The above main three 
chapters deal with the edge effect derived from comparable orders of the diffusional 
layer thickness and radius of the electrode. The detail contents are elucidated as follows. 
Diameter of disk microelectrodes evaluated from steady-state diffusion-controlled 
currents by use of Saito’ equation were smaller than geometrical diameters obtained 
from a scanning electron microscope (SEM) when the diameters were less than 4µm. 
The diffusional layer thickness was very larger than the diameters of nano-size 
electrodes. Therefore, the edge effect of nano-scale on the diffusion-controlled currents 
was different from that of the handling by Saito’ equation. With a decrease in the 
diameter of electrodes, deviation of the electrode diameter from Saito’s equation 
increased. In this study, the smallest diameter of microelectrode was 7 nm by the 
equation compared with 110 nm by the SEM. Obviously, a delay or a displacement of 
the diffusion flux in the Fick’s first law existed in that process of diffusion. The 
equation for memory diffusion was solved for the hemispherical and the disk electrode 
to give expressions for the steady-state currents. The results elucidated that the 





disk electrode.  
It was convenient to estimate radii of micro-disk electrodes by diffusion-controlled 
current of a known concentration of redox species. However, geometry of 
microelectrodes was deformed by a process of the fabrication of the electrodes 
inevitably. For example, the electrode was enclosed by insulator with an angle, or 
polished obliquely or extended because of malleability, etc. Then the shape of surface 
was close to ellipse. In order to characterize effect of circumference of ellipse on the 
steady-state current, different curvatures of elliptical microelectrodes were fabricated. 
Values of the diffusion-controlled currents at the elliptic electrodes with smooth edge 
agreed with the theoretical values with 4% error. The steady-state current at irregular 
shape was roughly proportional to the square root of the area of the electrode rather than 
the length of the edge without edge effect.  
The steady-state current could be formed at a milli-size electrode under very slow 
scanrate (less than 1 mV s-1) in a solution of sparingly soluble redox species. This 
concentration of ferrocene determined by voltammetry had been overestimated because 
of adsorption. Fast voltammetry response by differential pulse voltammetry and fast 
scan voltammetry showed adsorption behavior. In contrast, quasi steady-state showed 
the diffusion control. The steady-state current in solution including acetonitrile was 
lower than those in aqueous solution. The different in these two values was explained in 
terms of the extra solvation energy by supersaturation, which was dissipated to low 
concentrated domains by diffusion. When acetonitrile was added to the 
ferrocene-saturated aqueous solution eliminate the effect of surpersaturation and 
adsorption, the true concentration was evaluated to be 0.01 mM by use of the regular 
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Chapter 1: Introduction 
 
1.1 Microelectrodes  
It is obvious that microelectrodes are smaller than normal electrodes, which, 
depending on the application, might have dimension of meters, centimeters, or 
millimeters. Microelectrode is smaller than 200 µm at least one dimension (such as the 
radius of a disk or the width of a band) and ultra-microelectrode is smaller than 25 µm 
at least one dimension[1].The theory and application of many ultra-microelectrode has 
been discussion in the literature. For micrometer dimensions have shown tremendous 
advantages as follows: 
.  The ratio of faradaic current to charging current, IF/IC, can be promoted because 
  non-faradaic current decrease with the decreasing area of the electrode. The 
applied potential can be scanned very rapidly because the charging current is 
suppressed. 
.  A steady state of a faraday process is obtained quickly 
   .  The ohmic drop of potential, IR, can be low because of the current of 
steady-state is low. 
   .  With micoelectrode arrays used for measurements in flowing liquids, the 
amperometric signal (i.e. current density) is enhanced not only through the 
above effects, but also by replenishment of the electroactive substance in the 
diffusion layer during the solution pass over the gaps between the electrodes 
   .   Interactions between the individual electrodes in the microelectrode arrays 
permit regeneration of the electroactive substance through redox cycling and 
derivation of substrates to obtain products of desired properties  
   .   Small size of the electrodes permits measurements on very limited solution 
volumes, especially in the detecting heavy metal in food industry. 
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   . As a screening method for neurotoxicity, the microelectrode array has high 
specificity and selectivity[2]. Microelectrode arrays can be employed for 
monitoring the electrical activity of electrogenic cell in a cell culture in vitro 
and used in a neuronal networks on multi-electrode arrays as biosensors[3]. 
Therefore, the (ultra)micro-electrode can be used in such following fields: 1)  
electrochemical reaction mechanisms and kinetics,  2) trace electrochemical analysis, 
3) electrochemical reactions in solutions of very high resistance , 4) analytical sensing  
5) in vivo measurements on biological objects,  5) detection in flowing liquids[4] , 6)  
scanning electrochemical microscopy[5].  
 
1.2 The fabrication of microelectrodes 
    The single nano-electrode has been fabricate by coating insulating film such as 
cathodic electrophoretic paint, by etching electrode tips by flame, by electrochemical 
dissolution, by microelectromechanical systems technologies and by deposition of 
metals. This method of construction limits the electrode dimension to a few microns, 
due to the problems associated with handling of such thin films. Another problem of 
making the microelectrodes is the reproducibility. When carbon fiber is etched by flame, 
it is very difficult to be enclosed into capillary because of lots of bubbles around the 
carbon fiber. Commercial platinum wire was used to fabricate the microelectrode very 
easily. This metal can be enclosed by glass tube without bubbles. If Pt was etched in 
CaCl2 solution, then (ultra)microelectrode can be obtained by polishing the enclosed 
platinum electrode by glass. Electrochemical measurements utilizing metal electrodes of 
nanometer dimensions have shown tremendous applications such as scanning tunneling 
microscopy(STM)[6,7], scanning electrochemical microscopy (SECM)[8,9], scanning 
electron microscope (SEM)[10-12], single nanoparticle detection[13,14] and bioanalysis 
[15, 16]. The steady-state voltammetry at nano-electrodes allows us to obtain such fast 
electron transfer kinetic data. Pt disk electrodes of 1-3 nm were prepared by using a 
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laser-assisted pulling process[17]and Pt disk electrodes of 1-5 nm were also prepared 
with glass-coated electrodes by dissolution of HF[18]. 
  There are different shapes of microelectrodes. Microcylindrical electrodes are 
obtained by sealing thin metal wire or carbon fiber in tapered glass capillaries. Epoxy 
resins that are most often used for sealing must be carefully selected to be sufficiently 
chemically resistant and non-contaminating. Microdisks are mostly prepared by fixing 
metal wire or other good conductivity material with microscale noble metal in tapered 
glass capillaries by melting the glass. Then the disk shape of microelectrode can be 
obtained by cutting the tip of glass. The surface of microelectrode was polished for 
getting mirror-like surface without litter scratch. Band electrodes can be prepared by 
sealing thin metal film into a suitable insulator. Mercury microelectrode can be obtained 
by using miniaturize hanging mercury drop electrode, or by electrolytically depositing 
mercury on a planar metal or carbon microelectrodes. The theory and application of 
many microelectrode geometries (Ellipsoids, spheroids and elliptical disk) have been 
discussed in the literature and relationships for diffusion limited currents obtained using 
a variety of classical mathematical approaches and digital simulation methods. A 
numerical table for the diffusion-controlled current at elliptical disk electrodes in terms 
of the ration of the ellipse’s minor and major axes[19, 20].  
Recently, microelectrodes array are interested in the field of application of biology. 
A microelectrode array may increase the current for electrochemical measurements 
without losing the special features of a single microelectrode. A number of techniques 
have been proposed to prepare them. The microcontact printing technique, this 
technique can be convenient to form self-assembled monolayers on designed area at the 
Au electrode surface[21]. They can also be easily fabricated photolithographically in 
thin poly(methylmethacrylate)(PMMA) films supported on silicon wafers[22]. Recently, 
carbon-based materials have attracted more and more researchers’ interesting. Many 
methods of arrays of microelectrode have been developed such as the suspension of 
Chapter 1: Introduction 
4 
 
carbon particles or fibers in an insulating matrix, the impregnation of porous carbon 
within an insulator, or the impregnation of the pores of a host membrane with 
conducting carbon particles. With that, GC electrode, reticulated vitreous carbon and 
pyrolytic carbon arrays have also received considerable attention[4, 23-27].The 
sputtered-carbon microelectrode arrays can deposited thin-film carbon, which exhibits 
desirable properties[28]. 
        
1.3 Steady state current of the microelectrode 
    The electrode is smaller than the scale of the diffusion layer developed in readily 
achievable experiments. The most important factor determining the behavior of an 
electrode is the mass transport in solution in the vicinity of the electrode. When simple 
charge transfer reaction happen, the current of voltammetry is proportional to the flux of 
the species of redox toward to the surface of electrode described by Fick’s first law. 
Fick’s second law then describes the time-dependent changes in the concentration of the 
substance amount caused by the flux. When the applied potential to the working 
electrode is up to a value at which the concentration of interface between electrode and 
solution decrease to zero and a concentration gradient develops over a certain distance 
from the electrode surface to the bulk of the solution. This distance increases with 
increasing electrolysis time. The solution volume within which the diffusional flux of 
the substance occurs is termed the diffusion layer. The flux of the substance toward the 
electrode is then described by the product of the diffusion coefficient of the substance, 
D, and its bulk concentration divided by the diffusion layer thickness, δ. This quantity is 
defined, for planar semi-infinite diffusion, by the relationship.    
                       √            (1.1) 
 a=1,21/2,π1/2 or 2 are always as the diffusion layer thickness by different definition.  
     For δ<<r, the perturbation of the linear diffusion flux caused by the hemispherical 
diffusion at the electrode edge extend to a short distance of several δ from the edge. 
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Then, the behavior of the electrode can be approximated by the infinite electrode model. 
    For δ>> r, the edge effect plays a predominant role, and the diffusional flux toward 
the electrode is constant with time but inhomogeneous over the electrode surface. It 
increases with decreasing distance from the electrode edge. Concentration of the 
electroactive substance attains the limiting value described by the equation for 
steady-state transport. A theoretical study on the diffusion current of steady-state in 
uncomplicated redox species was perfectly finished by Y. Saito[29]. The equation is 
listed as following: 
          I =4nrFDC0 
Here r is the radius of the electrode. D is the diffusion coefficient and C0 stands for 
oxygen concentration in the bulk solution. 
  
1.4 Memorial diffusion in steady-state  
   Diffusion is a dispersion process caused by relaxation of concentration gradient. 
A concentration profile of a redox active species controlled by diffusion at 
chronoamperometry is expressed by the error function, erf[x/2(Dt)1/2], where x is the 
distance from the electrode, t is the electrolysis time [1]. It varies asymptotically in the 
form of 2π-1/2[(Dt)1/2/x]exp(-x2/4Dt). When one mole is generated at the electrode, one 
particle can be detected at such x and t that 1/NA=2π-1/2[(Dt)1/2/x]exp(-x2/(4Dt)) is 
satisfied, where NA is the Avogadro constant. The equation yield x/(Dt)1/2=14.4, leading 
to the velocity x/t =210 m s-1 of transferring the particle for x=1 nm and D=10-5 cm2 s-1. 
The velocity is close to the value of the ideal gas (2RT/wM)1/2=220 m s-1 for the species 
with molecular weight wM=100 g mol-1 at 25℃. So it isn’t reasonable for a particle to 
move in such high velocity while large amount of solvent molecular colloid with it. The 
contradiction is ascribed to the assumption of the simultaneous occurrence of the flux 
with the concentration gradient. The Fick’s law is invalid at a short time. This situation 
is analogue to discussion in the field of heat transfer[30]. We take into consideration in 
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the report of the flux of electrochemical diffusion by use of the simplest relaxation that 
has been developed in the field of heat transfer. The diffusion equation including the 
delay, called diffusion with memory, will be solved under limited current of 
ultra-microelectrode. When diffusional layer thickness is up to its maximum value in a 
very short time t by using ultra-microelectrod, then the time τ of the formation of 
concentration gradient cannot neglect comparing time.   
 
1.5 Concentration of sparingly soluble species 
   Pulse valtammetry was used to determinate the sparingly soluble species in high 
sensitively. They are classified into six subtopics: tast polarography and staircase 
voltammetry, normal pulse voltammetry, reverse pulse voltammetry, differential pulse 
voltammetry, and square wave voltammetry[31-36]. The differential pulse and square 
wave techniques are among the most sensitive means for the direct evaluation of 
concentrations, and they are widely used for trace analysis. When they can be applied, 
they are often far more sensitive than molecular or atomic absorption spectroscopy or 
most chromatographic approaches. In addition, they can provide information about the 
chemical form in which an analyte appears. Oxidation states can be defined, 
complexation can often be detected, and acid-base chemistry can be characterized. This 
information is frequently overlooked in competing methods. The chief weakness of 
pulse analysis, common to most electroanalytical techniques, is a limited ability to 
resolve complex systems. Moreover, analysis time can be fairly long, particularly if 
deaeration is required. Pulse measurements are sufficiently sensitive that one must pay 
special attention to impurity levels in solvents and supporting electrolytes. 
Contamination from the electrolyte can be reduced by lowering its concentration from 
the usual 0.1 to 1 M range to 0.01 M or even 0.001 M. The lower limit is fixed by the 
maximum cell resistance that can be tolerated, if it is not set first by chemical 
considerations, such as the role of the supporting electrolyte in complexation or pH 
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determination. In most analyses, aqueous media are used, both for convenience and for 
compatibility with the chemistry of sample preparation; however, other solvents can 
provide superior working ranges and merit consideration for new applications. The 
working range for any medium is much narrower for trace analysis by differential pulse 
polarography or square wave voltammetry than for conventional polarography, simply 
because the residual faradaic background becomes intolerably high at less extreme 




1.6 Aim of this thesis 
   Diffusion-controlled current of reversible process at the planar electrode is dealt 
with by Nernst’equation combining with Fick’s first law. It can also be applied to 
steady-state current of the microelectrode. And the equation of steady-state current at 
disk microelectrode was calculated theoretically by Saito in 1968. When the nano-size 
electrode was used in the diffusion-controlled current of redox reaction, the diffusional 
layer thickness is larger than the radius of electrode. This result is very different with 
hypothesis did by Saito.  So we compared the radius of nano-size electrode by SEM 
and Saito’equation. A revised expression for the diffusion-controlled current at a disk 
electrode was derived with memory effect. The radius deformed microelectrode is 
always calculated by Saito’equation as disk shape under steady-state current. So we 
discuss the relation of the value of the steady-state currents at elliptic electrode and that 
of Saito’equation from the square root of known deformed area. The steady-state 
current can be formed at milli-size electrode under very low scanrate (less than 1 mV 
s-1) in sparingly soluble solution. We determinate the voltammetrically concentration of 
ferrocene saturated in aqueous solution as an example of sparingly soluble species when 
measurent time is varied in DPV, cyclic voltammetry and slow scan voltammetry. At the 
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same time, a new insight of enhancement of mass transport in mixed solvents is found. 
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   All the chemicals were of analytical grade. 
   Platinum wires different diameters (NILACO Co.) were used to prepare working 
electrodes. Ferrocene (Wako) was used after sublimation. Acetonitrile solution and 
tetrabutylammonium perchlorate (TBAClO4) were used for solvent and supporting 
electrolyte, respectively. Powder of sodium alginate (Wako), of which molecular weight 
corresponded to 500-600 mPa s in 12 g dm-3 solution, was used as received. It was 
stored in a refrigerator. 
 
2.2 Apparatus 
   The optical microscope was a video microscope, VH-500 (Keyence, Osaka). A 
scanning electron microscope, S-2600H (SEM, Hitachi) was used to check the surface 
of ultra-microelectrodes precisely.  
   The potentiostat, HECS 972 (Huso, Kawasaki), was controlled with a home-made 
soteware to check redox current of species at disk electrode. The reference electrode 
was Ag|AgCl (3M KCl, M= mol dm-3) and platinum wire, respectively. 
   When the tip of enclosed platinum by glass was polished, the ac voltage with 0.1 V 
of 1 kHz was applied between the tip and the platinum coil for a counter electrode. The 
ac current detected with a potentiostat, NPGFZ-2501 (Nikko Keisoku), was amplified 
with a lock-in amplifier, MODEL 5210 (EG&G). The amplified output was recorded 
through a 12-bit AD-convertor, PCI-3521(interface), supported with a home-made by 
manual fashion while a current vs. time curve was being monitored. Polishing was 
stopped while value of the ac current changed abruptly.




Comparison of diameters of disk microelectrodes obtained from 
microscopes with those evaluated from steady-state currents 
 
3.1 Aim 
Geometry and diameter of a disk microelectrode more than 10 µm can be measured 
accurately with an optical microscope. When a diameter is less than 2 µm, an optical 
microscope fails to distinguish even the location of the electrode [1]. Then the diameter 
has been evaluated from the steady-state diffusion-controlled limiting current, IL, of a 
redox species [2-10] by use of Saito's equation [11], IL = 4Fc*Da, where c* is 
concentration of the redox species, D is the diffusion coefficient, and a is the radius of 
the electrode. Known values of c*, D and IL allow us to evaluate the radius a. 
Advantages of this technique are not only convenience of the determination of a but 
also provide high accuracy and sensitivity without exploitation of techniques of 
mounting microelectrodes on an electron microscope. A disadvantage is a loss of 
information on electrode geometry such as a disk, an ellipse or indeterminate form with 
rough boundaries. However, it has been demonstrated that the radius evaluated is close 
to that of a perfect circle of which area is the same as that of deformed electrode [12]. 
Radii evaluated from voltammetric currents have been reported to be close to the 
geometric radii [3,5,13-18]. 
    The theory of the steady-state current at a disk microelectrode mentions that the 
current density is infinite at the edge of the electrode [1,19,20]. Since the current density 
should be finite in reality, Saito's equation is likely to overestimate the total current. In 
order to respond to this question, we compared the diameter of disk electrodes 
determined by the currents with those by a scanning electron microscope (SEM) [1]. 
The diameters by both methods agreed when they were more than 10 µm. When 
diameters ranged from 1 to 4 µm, those by the currents from Saito's equation were 
smaller than those by SEM. The underestimation is opposite to effects of surface 
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roughness [21,22]. It can be partly explained in terms of partially blocked electrodes 
[23-25] if electrode surfaces are coated. 
     A possible explanation of the underestimation is a limitation of the diffusion law, 
exemplified by memory diffusion in the Fick's first law [1]. The flux in memory 
diffusion is generated with a delay from the formation of concentration gradient. 
Consequently, currents are observed smaller than the conventional values. The parabolic 
differential equation with the memory effects was first introduced to problems of heat 
conduction [26-30], and then was applied to electrochemical subjects [31]. The memory 
effect is based on the empirical rule that a cause necessarily precedes an effect. The rule 
has been demonstrated to be valid for the precedence of the concentration gradient (a 
cause) over the diffusion flux (an effect) by Monte Carlo simulation [32]. 
    We report here the comparison of diameters of disk electrodes by the two methods, 
focusing especially diameters less than 1 µm. Microelectrodes exhibiting reproducible 
voltammograms can be fabricated by embedding a thin platinum wire with glass and 
being polished. SEM images of the electrodes less than 1 µm exhibit generally vague 
boundaries between the electrode and glass. Errors involved in the SEM images are 
covered with a number of fabricated electrodes. We derive expressions for the 
diffusion-controlled current at a disk microelectrode with memory effect with the use of 




    A key of fabricating microelectrodes was to use such a short glass tube that the 
electrode could be mounted in a sample holder of a SEM. Disk electrodes were 
fabricated through a series of the procedures: (i) making an electric contact of 0.03 mm 
platinum wire to a tungsten wire, (ii) etching electrochemically the Pt wire in CaCl2 
solution, (iii) shielding the wire with a glass tube by heat, and (iv) polishing it under 
ac-current monitoring [33]. The exposed Pt surface was observed with an optical 
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microscope, VH-Z450 (Keyence, Osaka) and a SEM, S-2600H (Hitachi). An electric 
contact with the earth of the SEM instrument was made with carbon tape.  
    The potentiostat, HECS 972 (Huso, Kawasaki), was controlled with a home-made 
soft-ware. The reference electrode was Ag|AgCl (3 M (= mol dm-3) KCl). Voltammetry 
was carried out in deaerated solution in a Faraday cage. 
     Ferrocene was purified by sublimation. Solutions used were 0.5 M 
tetrabutylammonium perchlorate in acetonitrile including ca. 1 mM ferrocene. Accurate 
concentrations of ferrocene were determined by the combinational use of voltammetric 
peak currents at the electrodes 1.6 mm and 0.1 mm in diameters [34]. This technique 
was composed of carrying out voltammetry at the two electrodes for the potential scan 
rates, v, in the range from 10 to 100 mM s-1, evaluating the proportionality constant of 
the peak current, Ip, vs. v1/2 at the 1.6 mm electrode, evaluating the extrapolated limiting 
current, IL, to v1/2 → 0 at the 0.1 mm electrode, and taking the ratio of the (Ipv-1/2 )2/IL. 
 
3.3 Theory of steady-state current 
 
3.3.1 Steady-state currents including delay of diffusion 
 
    Fick's first law mentions that a diffusion flux is caused simultaneously by gradient 
of concentration, c. The flux J in the x-direction is expressed by J(t,x) = -D∂c(t,x)/∂x, 
where D is the diffusion coefficient. Here the occurrence of the gradient is a cause, 
whereas the flux is an effect. According to the empirical rule that a cause necessarily 
precedes an effect, the flux should be delayed from the occurrence of the gradient. 
Therefore, a reasonable relation includes a delay of the flux by τ: 
 
              (3.1) 
The expression same as Eq. (3.1) has already been obtained in the field of heat 
conduction [28-30]. Expressing Eq. (3.1) by the Taylor expansion and taking the first 
xxtcDxtJ ∂∂−=+ /),(),( τ
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two terms, we have 
      (3.2) 
 
When the flux is eliminated from Eq. (3.2) with the equation of continuum, ∂c/∂t-
=-∂J/∂x, we obtain the Fick's second law with memory effects, ∂c/∂t + τ(∂2c/∂t2) = 
D(∂2c/∂x2). Solutions of this equation with chronoamperometric conditions have been 
obtained [35] to exhibit the behavior similar to the delay by electrode kinetics. When 
the initial condition is a delta function for c(x), the Laplace transformed solution has 
been derived in analytical form [1]. The average of the square distance by diffusion is 
expressed by [1] 
              (3.3) 
 
Here, δ = (2Dτ)1/2 is a diffusion distance caused by the delay, τ. The term, ∂J/∂t, in Eq. 
(3.2) is rewritten as (∂J/∂r)(∂r/∂t) for a distance r of the polar coordinate. Since (∂r/∂t) 
at a short time and a short distance is close to δ /τ, the second term in Eq. (3.2) becomes 
approximately δ(∂J/∂r). Therefore, the Fick's first law with memory under the steady 
state is given by 
 
                 (3.4) 
 
3.3.2 Hemi-spherical electrodes 
 
    The electrochemical reaction considered here is one-electron oxidation at the 
hemi-spherical electrode a in radius. The current is assumed to be controlled by 
hemi-spherical diffusion under the steady state. By letting r be the axial coordinate from 
the center of the sphere, the equation of continuum under the steady-state is expressed 
by d(r2J)/dr = 0. This yields J = Ar-2, where A is an integration constant. Inserting this 
relation into Eq. (3.4) and integrating dc/dr under the conditions of c(a) = 0, c(∞) = c*, 
xxtcDtxtJxtJ ∂∂−=∂∂+ /),(/),(),( τ
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we have A = -c*Da2/(a+δ). Then the flux is expressed by 
                    (3.5) 
Since J(a)/c* stands for the transport velocity of the reduced species through the 
diffusion layer, the inverse, 
                 (3.6) 
 
means the time traversing the diffusion layer. The traversing time is a sum of the 
time (a/D) without the memory and the electrode-independent time δ/D. The simple 
sum of the times reminds us of similarity to a delay by the electrode kinetics, i.e. a sum 
of the diffusion time and the kinetic time. 
    In order to find the similarity to the electrode kinetics, we consider the irreversible 
oxidation with the one-electron oxidation when diffusion includes no memory effect. 
The flux which is controlled by the forward reaction rate constant, kf, is given by 
                          (3.7) 
 
Inserting the solution of the equation of continuum, J = Ar-2, into the Fick's first law, J = 
-D(dc/dr), and integrating the resulting equation under the condition c(∞) = c*, we 
obtain c(r) = c* +A/Dr. Inserting this equation J = -D(dc/dr) and eliminating A, we 
obtain c(r) = c* + J(r)r/D. Setting r = a and eliminating c(a) by use of Eq.(3.7) gives 
                  (3.8) 
 
Comparison of Eq. (3.8) with Eq. (3.6) yields the equivalence, kf = D/δ, indicating a 
similarity of the memory-diffusion current to the partially charge transfer controlled 
current. The memory diffusion is discriminated against the electrode kinetics in the 
point that it has no potential dependence. 
    We denote the geometrical radius as asem, and the electrochemically evaluated 
radius as acv. The total current for the former is given by 2piasem2J(asem) = 
-c*Dasem2/(asem+δ) through Eq. (3.5), whereas that for the latter is -c*Dacv because of δ 
)()( f ackaJ =−
f/1/)(/* kDaaJc +=−
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= 0. Since the both fluxes are equal, we have asem2/(asem + δ ) = acv. The inverse form is 
given by 
                       (3.9) 
This predicts that plot of asem/acv against 1/asem falls a line with an intercept with 
unity. The slope yields a value of δ. 
 
3.3.3 Disk microelectrodes 
 
    We apply the replacement kf = D/δ to the expression for the kinetic steady-state 
current at the disk microelectrode a in radius. The steady-state current, I, of the 
Butler-Volmer type at any potential, E, is given by [36]  




                          (3.11) 
     
Here, kb is the backward rate constant, and Eo' is the formal potential. The auxiliary 
variable, f1, for λ, satisfies the following equation at an extremely large integer N and 




Equation (3.12) is a simultaneous equation with fk variables. Analytical expressions 
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The variable f1 in Eq. (3.10) corresponds to (f1)N→∞. Curves of (f1)N vs. λ were 
obtained for N = 1, 2,... by solving N-simultaneous equation (3.12) by use of the 
Gauss-Jordan method until they were convergent. Values of (f1)N were converged for N 









Fig. 3.1 Variation of the normalized steady-state current complicated with electrode  
kinetics with the logarithm of the kinetic parameter, λ, obtained from Eq. (3.10)  
and (3.12). The dashed line is its logarithmic plot. 
 
Figure 3.1 shows the variation of I/IL with log λ. Since log λ for kb = 0 corresponds 
to the electrode potential, the curve in Fig.3.1 is equivalent to the current voltage curve. 
The plot of log(I/(IL – I)) against log λ falls on a line , represented empirically by 
                    (3.13) 
When the forward and the backward rate constants are replaced by D/δ and zero, 
respectively, we obtain the expression for the diffusion-controlled limiting current with 
memory: 
 
                 (3.14) 
On the other hand, the current for acv is defined by 
I = 4Fc*D acv                           (3.15) 
Eliminating I from Eq. (3.14) and (3.15) yields  
952.0
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  (3.16) 
 
Plot of log(asem/acv – 1) against log(asem) should show a line with slope of -0.952. The 
intercept allows us to evaluate δ . 
 









Fig. 3.2 Cyclic voltammograms of 1.36 mM ferrocene in 0.5 M tetrabutylammonium 
    perchlorate + acetonitrile at the glass-coated platinum electrode with acv = 117 nm  
for the scan rate, 10 mV s-1. 
 
    Cyclic voltammetry of ferrocene in 0.5 M tetrabutylammonium perchlorate of 
acetonitrile solution was made at the fabricated disk microelectrodes, where 
concentrations of ferrocene were determined by the method of two electrodes. The 
voltammograms had little hysteresis, as is shown in Fig. 3.2. The difference of halfwave 
potentials of the forward and the backward waves were less than 7 mV. Voltammograms 
with halfwave potential differences over 15 mV were not used for the data analysis. 
They did not vary with iterative scans at least 10 times. The limiting currents were 































invariant to scan rates less than 50 mV s-1. Currents, I(E), at potentials E  less than the 
limiting current domain were plotted in the form of log[I(E)/(IL - I(E))] vs. E for 0.05 < 
I/IL < 0.95. They fell on a line, the inverse slope of which was (61 ± 3) mV. This fact 
suggests one-electron reversible oxidation.  
    We evaluated the diffusion coefficient of ferrocene in acetonitrile from the 
proportional constant of the peak current at the electrode 1.6 mm in diameter to v1/2 for a 
known concentration of ferrocene. We obtained D = 2.00×10-5 cm2 s-1. Values of acv 
were determined by Eq. (3.15) (Saito' equation) with the help of known values of c* and 
D.  Figure 3.3 shows variation of the halfwave potentials, E1/2, with logarithm of the 
radii. The independence of halfwave potentials from the radii indicates that the 
current-potential curves should obey the Nernst equation even at the smallest electrode, 










Fig. 3.3  Variation of the half-wave potentials with logarithms of the radii, 
determined by the limiting currents through Saito's equation. 
 
    The electrode was mounted on the optical microscope in order to search a location 
of Pt on the glass surface. The surface of Pt looked a bright dot, depending on directions 
of incident light. This direction-depending reflection light was an identification of the Pt 
surface against the glass surface. In contrast, a SEM image had a black domain 
surrounded with the glass (white), at the center of which a gray spot could be seen, as 














image by the optical microscope, we identified the gray spot as the exposed platinum. 
Since the polished surface is compose
appearance of the three (white, black and gray) domains seems to be unreasonable. We 
confirmed from SEM images of a boundary between glass and platinum of a large 









Fig. 3.4 Photograph of SEM of the glass











Fig. 3.5 Logarithmic plots of the 
is for acv = asem. The dashed curve was obtained from Eq. (3.16) for 
Chapter 
20 
-1 0 1 2
log(asem / µm)
d of only two domains of glass and platinum, the 
red around the boundary on the glass side.   
-coated platinum electrode ca. 0.7 µm
radii evaluated from CV and SEM. The solid line
δ = 0.88 
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The concept of observing the three domains has been described on the basis of the 
theory for scattering electrons [1]. The black domain was helpful for finding a location 
of the platinum surface against bubbles, flaws or alumina of polish on the glass surface. 
Coordinate points of the boundary of the gray spot were read on each SEM image. They 
were analyzed with the least-square method for a circle to yield a radius. The radii 
varied slightly with magnification and accelerating voltage of the SEM. We obtained 
several values of radii for one electrode, and took average.  
    Figure 3.5 shows the logarithmic variation of acv with asem, together with errors 
(standard deviations) of asem. It also shows the line of acv = asem. Values of acv were the 
same as those of asem for diameters more than 10 µm. When diameters were smaller 
than 4 µm, we obtained acv < asem. For the smallest electrode, 2asem = 0.11 µm, we 
evaluated only the 6 % diameter (2acv = 0.007 µm) from the current. The variation in 
Fig. 3.5 presents a problem of using the method of determining diameters less than 4 
µm by Saito's equation. 
 
    As the electrode becomes small, the geometry of the surface deviated from a circle, 
as can be seen by the error bars ion Fig. 3.5. The diffusion-controlled current at an 
elliptic electrode is very close to that at a disk electrode of which area is the same as the 
elliptic electrode [12]. Therefore the errors in the radius in Fig. 3.5 have few effects on 








Fig. 3.6 Variation of asem/acv with 1/asem on the assumption of a hemispherical electrode. 



















    In order to analyze the relation between acv and asem in Fig. 3.5, we first regard the 
fabricated electrodes as hemispheres. By use of Eq. (3.9) which is valid for 
hemispherical electrodes, values of asem/acv are plotted against 1/asem for asem > 3.3 µm 
in Fig. 3.6. Plots fell on a line with the intercept of unity. The slope gives δ = 0.85 µm. 
A reason for selecting the data points to asem > 3.3 µm is to eliminate scattering of the 
plot for ambiguity of asem. 
    
 
 






Fig. 3.7 logarithmic plot of asem/acv - 1 against asem on the assumption of  
a disk electrode. The slope of the line is -0.952. 
  
Another plot is of Eq. (3.16) for disk microelectrodes. Figure 3.7 shows plots of 
log(asem/acv-1) against log(asem). The value of the slope should be -0.952, according to 
Eq. (3.16). Although the slope by the least-square was -1.0, we drew compulsively a 
line with slope -0.952 by use of least-square. The intercept value gives δ = 0.88 µm, 
which is close to the value (0.85) at the hemisphere model. Values of acv and asem were 
calculated from Eq. (3.16) for δ = 0.88 µm, and are plotted in Fig. 3.5. They fell among 
the experimental values.  
 A question is why some researchers reported consistent values of the radii evaluated 
from Saito's equation with those by SEM [6-10,14,18]. Since their electrodes have been 
Chapter 3: Memory Effect 
23 
 
used for tips of a scanning electrochemical microscope, the electrode takes a conical or 
tapered form, of which side is coated with a thin film. Consequently, the steady-state 
currents ought to be larger than values predicted from Saito's equation, yielding values 
close to asem. Then, the current should be evaluated from the equation developed by 
Ciani and Daniele [4].  
The derivation of Eq. (3.5) at the hemisphere and Eq. (3.14) at the disk electrode 
has been based on the delay of the flux by the displacement, δ. The delay may occur in 
other processes than memory diffusion, exemplified by two-dimensional diffusion on an 
electrode surface before the redox molecule reaches an active site, and blocking effects 
such as at partially coated electrodes. A key of the displacement is the 
potential-independence of the reaction, which can be discriminated against 
heterogeneous kinetics. Therefore, the deviation is observed at any potential even at the 




   Diameters of disk-inlaid microelectrodes over 10 µm evaluated from 
diffusion-controlled voltammetric currents with Saito's equation are identical to the 
geometrical diameters. The relation, acv < asem, is recognized when diameters are less 
than 4 µm. The inequality becomes striking with a decrease in diameters. This variation 
is valid for a disk-exposed electrode flush on a large insulator wall. It is invalid for 
microelectrodes with tip type for a scanning electrochemical microscope, because the 
volume of the diffusion layer for the tip type is larger than the hemispherical volume. 
The variable relating acv with asem is the distance δ (= 0.9 µm), through which Eq. (3.16) 
satisfies the experimental data. Although Eq. (3.16) was derived on the basis of memory 
diffusion, any type of delays is conceivable. 
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    Microelectrodes have been fabricated either by lithography or polishing of inlayed 
metal wires. The former has advantages of making large amounts of electrodes with 
ideal geometry. However, it is not suitable to obtain sharp and reproducible current 
-voltage curves owing to difficulty in polishing. In contrast, well-polished inlayed 
electrodes can provide ideal current-potential curves if they are not contaminated. They 
can take nanometer order in diameter by polishing electrode tips [1-5]. When a metal 
wire is shielded with glass, the electrode shows high reproducibility of voltammograms 
[6-11] than polymer-coated inlaid wires because of tough contact of metal with 
insulator. 
     Geometry of the exposed surface of the inlaid electrode is deformed from a disk 
at the fabrication process, partly because of deviation of the angle between the axis of 
the wire and the polishing pad from the right angle, partly because of expansion of 
metal into defective parts at the edge owing to malleability of the metal, and partly 
because of distortion of the cross section of the wire. Diameters of electrodes have been 
evaluated from the diffusion-controlled steady-state current at a known concentration 
and a diffusion coefficient value by use of the theoretical expression for the microdisk 
electrode however largely the electrodes are deformed from a disk. It is well-known that 
the steady-state current is proportional to the radius of the disk rather than the area 
because of a predominant contribution of the current density at the edge. Therefore the 
deformation would provide overestimation of the radius. This question has frequently 
been issued when size of invisible electrodes were estimated from their steady-state 
currents. Unfortunately, no specific answer has been issued yet, although geometrical 
effects have been discussed from general viewpoints [12-14].  
     In order to answer this question, it is necessary to fabricate regularly deformed 
electrodes. An easy way of the fabrication is to polish shielded metal wires on a 
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polishing pad at a given angle between the axis of the wire and the pad. Then the 
exposed surface becomes an ellipse. If we regard the steady-state current at the 
ellipsoidal electrode as that of a disk electrode, we get a quantitative relationship 
between the current and the geometrical deformation. Fortunately, the expression for the 
steady-state current at an elliptic electrode has been proposed [15] by rewriting the 
expression for the capacitance of an ellipse in a medium [16]. Electrode geometry can 
be evaluated accurately from many coordinate points on the electrode boundary through 
a microscope [17]. The present paper deals at first with measurements of the 
steady-state currents at an elliptical electrode in order to confirm the expression for the 











Figure 4.1 Illustration of glass-shielded platinum wire 
 
A wire 0.1, 0.05 or 0.02 mm in diameter was fixed with a tungsten wire for 
conducting lead. A tip of the platinum wire was bent by a given angle (0 - 75o), and was 
inserted into a glass capillary, as shown in Fig. 4.1. The tip of the glass was heated with 
flame of a spirit lamp to be fused. It was grinded on emery paper perpendicularly to the 
axis of the glass until the platinum was exposed. It was polished on a polishing pad with 
alumina powder, and then washed with water and ultrasonicated in a water bath. When 
the glass-shielded wire was polished at a given angle other than the right angle, the 
glass surface was often chipped. Even if elliptic platinum was exposed from the glass, 
the electrode surface was not flat. 
Pt 
glass 










Figure 4.2 Photograph of the exposed electrode surface by the optical microscope.  
The curve was calculated from ellipse obtained by the linear least square of 40  
points on the peripheral. The dashed curve is a circle calculated from the steady-state 
current at a disk electrode. 
 
     The electrode surface was observed through the optical microscope, VMS-1900 
(Scalar, Tokyo). Forty points (xi, yi) on the coordinates of the circumference of the 
electrode were read from the photographs. They were substituted into the general 
equation of an ellipse, xi2 + Axi yi + Byi2 + Cxi + Dyi + E = 0. The constants A-E were 
evaluated from the least square method. The solid curve in Fig. 4.2 is the thus obtained 
fitted curve. The general equation was rotated and shifted so that the standard form, 
x
2/r12 + y2/r22 = 1, was obtained, where r1 and r2 are the major radius and the minor 
radius, respectively. 
Acetonitrile solution including 1.12 mM (M = mol dm-3) ferrocene + 0.2 M 
tetrabutylammonium perchlorate (TBAClO4) was prepared. It was deaerated mildly 
with nitrogen gas. Invariance of concentration change owing to the N2-bubbling was 
confirmed by negligible change in voltammetric currents after each bubbling process. 
Values of the concentration and the diffusion coefficient (D=2.26×10-5 cm2 s-1) were 
determined from taking the ratio of voltammetric current at Pt disk electrodes 1.6 and 
0.1 mm in diameter [17]. 
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Figure 4.3 Voltammograms of 1.12 mM ferrocene + 0.2 M TBAClO4 in  
acetonitrile solution at the electrode (r1 = 15.8 µm, r2 = 10.3 µm) fabricated  
by φ0.02 mm wire for v = (solid) 0.01 and (dashed) 0.05 V s-1.  
 
     Voltammograms at the smallest elliptic electrode (r2 = 0.01 mm) are shown in Fig. 
4.3 for two scan rates. Their limiting currents were independent of the scan rates less 
than 70 mV s-1. Hysteresis in the voltammograms increased with an increase in the scan 
rates, probably because of capacitive contribution. A set of coordinate points of the 
circumference of the electrode was obtained through the optical microscope and the 
SEM. It was used for the curve fitting of an ellipse, and was converted to r1 and r2. The 
two radii were not always determined unequivocally, partly because of local defect of 
the circumference, as exemplified in Fig. 4.2 as the arrowed parts, and partly because of 
ambiguous focus of the microscope to the circumference. The length of the ambiguity 
was ca. 1.0 µm. Values of the radii are listed in Table 1.  
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                Table 4.1 Electrode geometry and steady-state currents 
 r1/ µm r2 / µm nominal r/ µm IE,ss/ nA (IE,ss)exp/IE,ss)theory IE,ss/(IE,ss)exp 
1 15.8 10.3 10 11.0 0.98 1.13 
2 13.3 10.5 10 10.7 1.04 1.07 
3 55.1 54.1 50 51.4 1.01 1.04 
4 66.5 53.3 50 62.7 0.98 0.93 
5 73.5 53.1 50 56.3 1.03 1.08 
6 99.2 51.9 50 73.5 0.99 0.95 
 
The steady-state current at an elliptic electrode has been predicted from the 
derivation of capacitance of an elliptic plate in a uniform dielectric medium [16]. The 
current for a one-electron transfer reaction is expressed by [15]  
                                                                                                                             (4.1) 
 
where K(m) is the complete elliptical integral of the first kind [18], and m is the 
eccentricity of the ellipse, defined by m2 = 1 - (r2/r1)2. Here, c* and D are concentration 
and the diffusion coefficient of the redox species, respectively. Values of IE,ss were 
calculated from known values of c*, r1, r2 and D by inserting them into Eq. (4.1), where 
numerical values of K were computed by the approximate equation [18]. Relative errors 
of experimental value of IE,ss from Eq. (4.1), listed in Table 1, are within at electrodes 
with nominal radius 10 µm. These small errors should be accidental because 
measurements of the diameters included ambiguity of 1 µm. Large electrodes should 



















Figure 4.4 Voltammograms of 1.12 mM ferrocene + 0.2 M TBAClO4 in  
acetonitrile solution at the electrode (r1 = 81.5 µm, r2 =28.6 µm) fabricated  
by φ0.1 mm wire for v = (a) 0.01, (b) 0.03, (c) 0.05 and (d) 0.07 V s-1. 
        
Large electrodes (2r2=0.1 mm), of which geometry can be evaluated accurately, have a 
problem exhibiting unsteady-state voltammogram even at practically slow scan, as 
shown in Figure 4.4. Hysteresis of the voltammograms still remained at v = 10 mV s-1. 
The voltammetric diffusion-controlled peak current at the disk electrode r0 in radius is 
expressed for any scan rate by [17,19]  
 (4.2) 
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Figure 4.5 Dependence of the limiting or the peak currents at the electrodes with geometry 
of r2/r1 = (a) 0.35, (b) 0.40, (c) 0.27, (d) 0.72, (e) 0.80 and (f) 0.98 on square-roots of  
the scan rates. Dashed lines denote theoretical values calculated from Eq. (4.2). 
 
The current for small values of p, given on the right hand side of Eq. (4.2), should 
vary linearly with v1/2. We applied this linear relation to the peak currents, IE, at 
electrodes with 2r2=0.1 mm in order to obtain the steady-state current, as shown in Fig. 
4.5. The current values fell on a straight line, the intercept of which should provide the 
steady-state current. The currents calculated from Eq. (4.1) are depicted with dashed 
lines in Fig.4.5. The intercept values for r2/r1 ≥ 0.57 (c- f) agreed with the theoretical 
ones within error of 3 %, whereas those for r2/r1 ≤ 0.38 (a, b) were larger than the 
theoretical ones. The voltammetric behavior at an elliptic electrode at r2 << r1 is 
predicted to be closer to that at a band electrode rather than at a disk electrode. Then the 
peak current gets inversely proportional to ln(2RTD/F r12v) + 3 [20]. It tends to zero for 
v → 0. The forced extrapolation of IE to v = 0 for r2 << r1 must cause overestimation of 
the steady-state current. Slopes of the lines in Fig. 4.5 increased with a decrease in r2/r1 
or a decrease in r1 for a given value of r2. The increase in the slopes means a large 



















































































deviation from the steady-state. 
     It is interesting to compare r1 or r2 with the radius which is evaluated from the 
diffusion-controlled steady-state current on the assumption of a disk. This discussion 
corresponds to estimating the averaged radius, r0,av, from IE,ss through the equation 
                      (4.3) 
 
Values of r0,av should vary with r2/r1 and r1. They were normalized with the length of the 
circumference of the ellipse on the prediction that the current density is extremely high 
at the edge of the electrode, like at a disk electrode. The length of the circumference is 
given approximately by [21] 
 
 











Figure 4.6Variations of r0 (r2r1)-1/2 and 2pir0/L with r2/r1, calculated from Eq. 3 and 4 
 
Figure 4.6 shows the variation of 2pir0,av/L with r2/r1. Values of 2pir0,av/L decrease 
largely when r2 is smaller than r1. The disappointment implies that the infinite current 
( ) avDrFcmKDrFcI ,01ssE, *4/*pi2 ==
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density at the edge does not contribute to the total current. This implication can be 
supported by the following calculation. The current density at radius r on the disk 
electrode is proportional to (r0 - r)-1/2 [22]. The partial current from a radius at qr0 (0 < q 
< 1) to the edge, which is normalized by the total current, is given by  
       (4.5 
 
Values for q = 0.8 and 0.9 are 0.59 and 0.71, respectively. Therefore the large current 
density near the edge is not a principal role of the total current. 
     We failed to express approximately the current as the length of the circumference. 
We attempted to normalize the average radius with the geometric mean of r1 and r2, 
which is proportional to the square root of the area (pir1r2) of the ellipse. Figure 4.6 also 
shows this variation of r0,av/(r1r2)1/2 with r2/r1.A slight change in r2 from r1 decreased 
largely r0,av. No matter largely deviates the disk, values of r0,av/(r1r2)1/2 are within 
0.9(r1r2)1/2. This result has been theoretically inferred for microelectrodes of arbitrary 
shape [23]. In other words, the steady-state current at a deformed electrode with area S 
can be approximated as 
                                     (4.6) 
 
Let (IE,ss)exp be the steady-state current experimentally obtained. Relative errors, 
Idef,ss/IE,ss , calculated from Eq. (4.6) are listed in Table 4.1. The errors are ca.10%. The 
approximation of Eq.(4.6) is a new insight into estimating currents at deformed 
electrodes.    Now, we consider dependence of the current on the average radius of the 
electrode which is polished with the angle θ between the axis of the cylindrical wire 
electrode and a polishing pad. Because of r2 /r1 = sinθ, we can determine values of 
r0,av(r1r2)-1/2 from the curve in Fig. 6. It is possible to polish the wire at θ = (90 ± 15)o. 
Consequently we can fabricate electrodes which fulfill 0.95 < r0,av(r1r2)-1/2 < 1. 
 
pi/*4ssdef, SDFcI ≈




     The diffusion-controlled steady-state currents at elliptic electrodes obey Eq. (1) 
for 0.45 < r2/r1 < 0.92. The agreement with Eq. (1) is higher at larger electrodes owing 
to better control of geometry. However, largely deformed electrodes for r2 = 50 µm 
hardly show steady-state voltammograms. 
     The steady-state current at a deformed electrode is approximately proportional to 
the square-root of the area of the electrode rather than the length of the edge. When we 
evaluate a radius of an invisible electrode from the steady-state current, the radius 
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Determination of concentration of saturated ferrocene  
in aqueous solution 
 
5.1 Aim 
    Concentrations of sparingly soluble redox species have been determined 
quantitatively by pulse techniques such as differential pulse voltammetry (DPV) [1-3] 
and square wave voltammetry [4, 5]. Less affinity of these species to solvent often 
makes these species adsorbed on an electrode [6]. Then the pulse voltammetric currents 
may include not only diffusion-controlled component but also adsorption-controlled one, 
as exemplified by ferrocene in aqueous solution [7]. The adsorption contributes to the 
currents more largely than the diffusion with a decrease in the pulse width, because a 
chronoamperometric curve for adsorbed species decays faster than that for diffusing 
species. Therefore, determined concentration may be overestimated. Calibration curves 
themselves may include this type of errors. It is desirable to evaluate concentrations 
absolutely without using calibration curves. Adsorptive stripping voltammetry is a 
possible analytical tool [8-10] if a calibration curve can be obtained and if sparingly 
soluble species can be adsorbed quantitatively on an electrode. A drawback is the 
difficulty of obtaining a calibration curve. 
    Microelectrode techniques provide us steady-state voltammograms which can 
circumvent complications by adsorption. A drawback of the techniques is, however, 
noisy currents of sparingly soluble species because of low concentrations at a small 
electrode area. This problem can be solved by extremely slow scan voltammetry 
developed by Levi et al [11,12]. This method has been widely used for work on lithium 
batteries [13-18], film-coated electrodes in a thin layer cell [19-25], and catalytic 
reactions by long time measurements [26-30]. Addition of sodium alginate to aqueous 
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solution suppresses natural convection [31] without changing diffusion coefficients of 
molecules [32-35]. This technique may allow us to evaluate low concentrations of redox 
species accurately. 
    This work deals with determining voltammetrically concentrations of ferrocene 
saturated in aqueous solution as an example of sparingly soluble species when 
measurement time is varied in DPV, cyclic voltammetry and slow scan voltammetry. 
Contribution of the adsorption is distinguished from diffusion waves by voltammetric 
time variations. A new insight of the work is to find enhancement of mass transport in 
mixed solvents which have been used for making calibration curves. The concept of the 
enhancement is discussed theoretically. 
 
5.2 Experimental 
    Ferrocene was purified by sublimation to remove 10 % of its impurity [36]. Water 
was deionized and distilled. The 0.1 M KCl (M = mol dm-3) aqueous solution including 
ferrocene powder was ultrasonicated for ten min, and was stayed for a few hours. The 
saturated solution was filtered and became transparent. Acetonitrile was of analytical 
grade. The volume of the solution was about 15 cm3. 
     Powder of sodium alginate (Wako) was used as received. It yielded 500-600 mPa 
s in 12 mg cm-3 solution. It was dissolved in distilled water at 60oC to yield 
homogeneous solution. Air bubbles coming from the powder were removed by 
ultrasonication for 30 min. When nitrogen gas was bubbled in sodium alginate viscous 
solution, ultrasonication was also applied to remove bubbles. 
     Cyclic voltammetry and DPV were carried out with a potentiostat, Compactstat 
(Ivium Tech., Netherlands). Platinum disks 1.6 mm and 0.1 mm in diameter were used 
as voltammetric working electrodes. The reference electrode was Ag|AgCl in saturated 
KCl. The counter electrode was a platinum wire. Viscosity was determined with a 
vibration viscometer, SV-10 (A&D, Tokyo), at room temperature 
Chapter 5: Concentration of Saturated Fc 
39 
 








v1/2 / V1/2 s-1/2
↓
↑
5.3 Results and Discussion 









Figure 5.1 Cyclic voltammograms of saturated ferrocene in 0.1 M KCl at  
the platinum electrode 1.6 mm in diameter for scan rates, v = (a) 0.5, (b) 0.3  
and (c) 0.1 V s-1. The solid and the dashed line are backgrounds for evaluating  












Figure 5.2 Dependence of the background-corrected peak currents of (circles)  
ferrocene saturated 0.1 M KCl aqueous solution and (open triangles) ferrocene  
saturated 0.1 M KCl aqueous solution including 5 % acetonitrile on the scan rates, 
and ferrocene saturated 0.1 M KCl aqueous solution including 5 % acetonitrile on  
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    Figure 5.1 shows cyclic voltammograms of the ferrocene-saturated aqueous 
solution for scan rates, v ≥ 0.1 V s-1 at the Pt electrode 1.6 mm in diameter. The anodic 
and the cathodic peak potentials were at 0.238 ± 0.005 V and 0.182 ± 0.009 V, 
respectively. These values are close to the reported ones [7]. The difference between the 
anodic and the cathodic potentials was 56 mV. Figure 5.2 shows variation of the peak 
current against v, where the background current was subtracted as shown in the solid 
line of Fig. 5.1. The proportionality indicates the peak current being is due to an 
adsorption-controlled step. The amount of adsorption can generally be estimated from 
the area enclosed with a voltammetric wave and a base line. The background solid line 
in Figure 5.1 unfortunately did not pass through the voltammogram in the domain from 
0.3 V to 0.4 V. A curved background might be useful for the estimation. In order to 
avoid the ambiguity of drawing a curved background, we used the background (dashed) 
line connecting points at 0.15 V and 0.35 V on the voltammogram. This line may 
provide a minimum amount of the adsorption . The density of adsorbed ferrocene was 
determined by the inverse of the charge density per electrode area, which was obtained 
from the area of the peak divided by the scan rate, as shown in Figure 5.1. This was (1.1 
± 0.2)×10-11 mol cm-2. This corresponds to (3.8 nm)2 per adsorbed ferrocene molecule, 
implying the spaced adsorption that is frequently observed for nonaggregated species.  
  Slow scan voltammograms at a micro electrode are expected to exhibit the diffusion 
property. Figure 5.3 shows voltammograms at slow scans at 0.1 mm Pt electrode. The 
voltammograms were of sigmoidal form, and did not vary with the scan rate for v < 10 
mV s-1, as is the ideally diffusion-controlled waves [36]. Electrodes smaller than a 0.1 
mm disk showed voltammograms with large hysteresis. Reproducible voltammograms 
for further slower scan can be realized at a large electrode in sodium alginate solution, 
which suppresses natural convection without decreasing the diffusion coefficient [35]. 
Figure 5.3c also shows a linear sweep voltammogram at v = 0.1 mV s-1 at 1.6 mm Pt 
electrode in the ferrocene-saturated solution including sodium alginate. The Faradaic 
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current level was kept reproducible against background current for the reduction of 











Figure 5.3 Cyclic voltammogram of saturated ferrocene in 0.1 M KCl at the  
platinum electrodes 0.1 mm in diameter for v = (a) 5and (b) 15 mV s-1 on the  
right ordinate and (c) 1.6 mm in diameter for v = 0.1 mV s-1 and (c) its background 










Figure 5.4 Variations of Ip/a with v1/2 on the lower ordinate and those of Ip/a with  
p on the upper ordinate. The voltammograms were obtained (circles) in the 
ferrocene saturated solution at the 0.1 mm Pt electrode and (triangles) in the 
sodium alginate added ferrocene-saturated solution at 1.6 mm disk electrode. The 
dashed line is the diffusion-controlled variation predicted theoretically [36]. 
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    Figure 5.4 shows dependence of the limiting currents, IL, divided by the electrode 
radii on v1/2 at the 0.1 mm electrode (circles) in ferrocene-saturated aqueous solution 
and at the 1.6 mm electrode (triangles) in sodium alginate-included ferrocene-saturated 
solution. The scan rates of the latter case are much lower than those of the former. The 
currents have linear relations with v1/2, but do not show proportionality owing to the 
edge effect [37]. The slope at 0.1 mm electrode was larger than the theoretical 
diffusion-controlled one [37], indicating the effect of adsorption. In contrast, the 
limiting currents for 0.1 mV s-1 ≤ v ≤ 1 mV s-1 (triangles in Fig. 5.4) are close to the 
steady state. From the linearly extrapolated value of IL/a to v1/2 → 0 (triangles) and the 
steady-state equation, IL/a = 4FcD, we evaluated c = 0.015 mM for D = 0.7×10-5 cm2 s-1.         
The concentration is smaller than the reported value (ca. 0.04 mM). The problem of the 













Figure 5.5 Differential pulse voltammograms of ferrocene (a) deliberately 
dissolved in the 0.1 M KCl solution, and dissolved in mixture of acetonitrile and 
water at 1: 20 (v/v) that concentration was (b) 48 µM and (c) 97 µM. Pulse 
conditions were the pulse width 15 ms, pulse amplitude 25 mV, and scan rate 0.01 
V s-1. (d) was observed underthe conditions of (a) except for pulse width, 100 ms. 
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    Conventional technique of the determination is DPV. We made the pulse 
voltammetry for ferrocene both in the aqueous and the mixed solution. A peak appeared 
at 0.16 V both in the ferrocene-saturated solution and in the concentration-controlled 
mixed solvents, as shown in Fig. 5.5. Peak currents in the mixed solvents were 
proportional to the concentrations of ferrocene for several values of pulse width. The 
proportionality was used as the calibration line for determination of concentration of 














Figure 5.6 Dependence of concentrations of saturated ferrocene on 
measurement times by (circles) DPV, (a) very slow linear sweep voltammetry 
and (b) linear sweep voltammetry with the addition of acetonitrile. 
 
Figure 5.6 shows variation of the determined concentrations with the pulse width. 
The longer the pulse width, the lower value was the concentration determined. The 
values of the concentration approach the quasi-state value (dashed line) obtained above. 
Since the electrolysis time of pulse voltammetry is much shorter than that of cyclic 
voltammetry in Fig. 5.1, the pulse current in the aqueous solution should be controlled 
by the adsorption. On the other hands, the calibration lines were made in the mixed 
Chapter 5: Concentration of Saturated Fc 
44 
 
solvent which is expected to provide diffusion-controlled current. Therefore 
inconsistence of conditions between the calibration and the sampling provides 
erroneous concentrations. Since the difference is remarkable with a decrease in the 
pulse width, the shorter time response yields higher concentrations in Fig. 5.6.  
 
5.3.2 Voltammograms in mixed solutions 
 
    A strategy of preventing adsorption of ferrocene is to facilitate the dissolution 
either in surfactant-including solution [7] or water-miscible mixed solvents [8]. We use 
here the latter because mass transport in mixed solvents is simpler than diffusion of 
micelles. We used mixed solvent with acetonitrile in water. Aqueous solution of 
saturated ferrocene was firstly prepared, and then 5% volume of acetonitrile was added 
to this solution. The voltammetric shape in the mixed solution was very similar that in 
the aqueous solution. Figure 5.2 shows the plot of the peak current against v and v1/2 in 
the acetonitrile-mixed solution. The peak current was proportional to v1/2 rather than v. 
This is an evidence of removing the adsorption owing to dissolution of ferrocene in the 
mixed solvent.  
    The current was smaller than that in the aqueous solution, as shown in Fig. 5.2. 
This variation is opposite to the difference between the viscosity of the solution 
including acetonitrile (1.17 mPa s) and that of the aqueous solution (1.32 mPa s) at 21oC. 
Supersaturated ferrocene in the aqueous solution has obviously higher energy than the 
in the mixed solvent. When concentration of ferrocene is decreased by consumption of 
the electrode reaction near the electrode, the high energy of the supersaturation may be 
dissipated to the domain with the lower concentration. Then mass transport may be 
facilitated. The concept and the theory will be described in section 3.3. 
 
    We obtained two points for the ambiguity of determination of saturated 


















First, the voltammetric current at a short time is controlled by adsorption, whereas 
that at a long time is by diffusion. Therefore concentrations evaluated at a short time are 
larger than those at a long time. Only slow voltammetry can be valid for accurate 
determination of sparingly soluble species. Second, a sparingly soluble species in 
supersaturation has a larger diffusion coefficient larger than that under the dissolved 
state. Therefore a saturated species exhibits currents larger than those predicted from the 













Figure 5.7 Dependence of Ip and IL in saturated ferrocene solution to which  
acetonitrile was added on v1/2.  Ip and IL were obtained at the 1.6 mm and the  
0.1 mm electrodes, respectively. 
 
In order to overcome the two points simultaneously, slow scan voltammetry was 
made in the ferrocene-saturated solution to which 5 % acetonitrile was added. Any 
calibration curve was not required when we used combination of cyclic voltammetry for 
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0.1 < v < 0.4 V s-1 at a regularly sized electrode (1.6 mm in diameter) and with 
quasi-steady-state voltammetry at small electrode (0.1 mm in diameter) [36]. 
Voltammograms at the regular electrode were similar to in Fig. 5.1, whereas those at the 
small electrode were of sigmoidal form. Figure 5.7 shows plots of the peak currents and 
the limiting currents against v1/2. The peak currents were proportional to v1/2, whereas 
the limiting currents fell on a line with an intercept. By taking the ratio of the slope of 
the proportional line and the intercept [36], we evaluated D = 0.68×10-5 cm2 s-1 and c = 
10.6 µM. The value of the diffusion coefficient is reasonable, and hence the 
concentration is reliable [36]. The concentration value is plotted in Fig. 5.6(b). It is the 
smallest of the other techniques because the effects of the two sources of ambiguity 
described above were removed. 
 
5.3.3 Diffusion theory of sparingly soluble species 
 
    This section deals with the theory of the enhancement of the diffusion coefficient of 
supersaturated ferrocene. If extra energy of supersaturation is formulated as a function 
of concentration, the diffusion coefficient can be expressed in terms of the concentration. 
The derivation proceeds in the following steps; derivation of the expression for the free 
energy of supersaturation, introduction of the chemical potential of supersaturated 
species, and derivation of the diffusion equation depending on the concentration. 
    Our model is composed of n1 solute molecules under the supersaturation and n2 
solvent molecules. When n1 increases by ∆n1, the enthalpy relevant to the solubility, 
H(n1), increases in proportion to ∆n1 as a variable of the amount. Since the solute is 
forced to be dissolved against the ordinary enthalpy, the increment of the enthalpy 
should be proportional to H(n1) as an intensity variable. Totally, the enthalpic increment 
is proportional to H(n1)∆n1. Then we have 
                       (5.1) NnnkHnHnnH /)()()( 11111 ∆+=∆+
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where k is a dimensionless constant and N = n1 + n2 is total number molecules in the 
volume V. Taking the Taylor expansion on the left hand side and keep the first and the 
second terms, we have 
                               (5.2) 
A solution has the form of exp(kn1/N). Letting the enthalpy in V at the critical number, 
ncr, be Hcr, the enthalpy is expressed by 
                            (5.3) 
    The total free energy of solute and solvent is generally written as the sum of two 
species, n1µ1o + n2µ2o and the mixing entropic term, kBT[n1ln(n1/N) + n2ln(n2/N)], where 
µ1o and µ2o are standard chemical potentials of the solute and the solvent per molecule. 
Since the solute is under the supersaturated state, the free energy includes the 
contribution of the excess enthalpy. Then the free energy in V is given by 
 (5.4) 
The chemical potential of the solute, defined by µ1 = ∂G/∂n1 for a constant n2, is given 
by 
           (5.5) 
When n1 in Eq. (5.5) can be represented by the volume concentrations, c = n1/NV and ccr 
= ncr/NV, Eq. (5.5) becomes 
              (5.6) 
where co is the standard concentration. 
    When the solute has heterogeneity in concentration, the gradient in the x-direction 
is given by 
                 (5.7) 
 
 
The solute molecule is driven by the force, dµ1/dx, to reach the steady state velocity, u, 
being balanced with the Stokes' friction for a spherical molecule, 6piηru, whereη is the 
( ) )(/d/)(d 111 nHNknnH =
( )NnnkHnH /)(exp)( cr1cr1 −=
( ) ( ) ( )( )NnnNnnTkNnnkHnnG /ln/ln/)(exp 2211Bcr1cr1211 ++−++= oo µµ
( ) ( ) ( )NnTkNnnkHNk /ln/)(exp/ 1Bcr1cr11 +−+= oµµ
( ) ( ) ( )oo ccTkcckVHNk /ln)(exp/ Bcrcr11 +−+= µµ































viscosity of the solvent. By rewriting Eq. (5.7) by use of the flux, J = cu, we have 
 
                     (5.8) 
where D = kBT/6piηr. When N is taken to be Avogadro's constant, V means the average 
molar volume of the solution. Then Eq. (5.8) becomes 
 
                              (5.9) 
 
Variations of the dimensionless diffusion coefficient, 1 + χ, are shown in Fig. 5.8 for 
parameters kVM/ccr and k2VMHcr/RT ccr. When c increases from the critical concentration, 
the diffusion coefficient enhances tremendously. This is the theoretical demonstration of 












Figure 5.8 Variation of dimensionless diffusion coefficient with concentration for  









































    Voltammetric determination of ferrocene saturated in aqueous solution is 
complicated by adsorption of ferrocene at an electrode, and hence the observed 
voltammetric current is larger than that predicted from the diffusion equation. Known 
concentrations for making calibration curves have to be prepared with mixed solvents, 
in which ferrocene is not adsorbed on the electrode. Therefore, usage of calibration 
curves is not suitable for determination of sparingly soluble species. The shorter the 
voltammetric time scale, the more remarkable the adsorption effects are. Steady-state 
measurements are desirable. 
    The other important point for the determination is enhancement of mass transport 
of saturated ferrocene. It can be explained in terms of extra energy of the dissolution, 
which is dissipated to the lower concentration domain, which is near the electrode. The 
dissipation is equivalent to the enhancement of diffusion. The degree of the 
enhancement can be estimated from the present simple theory. This effect can be solved 
by addition of small amount of acetonitrile to the saturated solution. Then the current in 
the acetonitrile-included solution is ca. half of that in the saturated aqueous solution. 
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When the diameter is less than 4µm, the experimental value of steady-state current 
deviated from the theoretical calculation by Saito’s equation. The inequality becomes 
striking with a decrease in diameters. This variation is valid for a disk-exposed electrode 
flush on a large insulator wall. It is invalid for microelectrode with tip type for a 
scanning electrochemical microscope, because the volume of the diffusion layer for the 
tip is large than the hemispherical volume. The relation of acv and asem base on the disk 
electrode is solved to give expressions including displacement δ (= 0.9 µm). 
The steady-state current of elliptical microelectrode from experiment is coincided 
to the value of theoretical calculation. The steady-state current at a deformed electrode 
is approximately proportional to the square root of the area of the electrode rather than 
the length of the edge. Therefore, radius of the invisible of polished disk-like electrode 
means any geometry with the area of pirav2. 
The regular electrode can also shown the process of steady-state in low 
concentration redox species under low scan rates (1 mV s-1). Ferrocene is sparingly 
soluble in aqueous solution. The values of concentration determined by differential 
pulse voltammetry and voltmmetric current by regular electrode were overestimated 
because of adsorption. The other important point for the determination is enhancement 
of mass transport of saturated ferrocene. It can be explained in terms of extra energy of 
the dissolution, which is dissipated to lower concentration domains. The dissipation is 
equivalent to the enhancement of diffusion. The degree of the enhancement can be 
estimated from the present simple theory. This effect can be solved by addition of small 
amount of acetonitrile to the saturated solution. The true concentration of saturated 
ferrocene in aqueous solution was 10 µM. 
